The main purpose of this study was to investigate the tensile and compressive behaviour of woven-knitting glass/epoxy composites under low strain rate by using UTEST testing machine with capacity of 50kN. The strain rate values were selected as 0.005, 0.0005 and 0.00005s -1 . The effect of knitting direction as wale, course and 45° and knitting structure as rib and milano on the tensile and compressive behaviour of woven-knitting glass/epoxy composites under low strain rate was also discussed. The woven-knitting composite samples were tested under uni-axial tensile and compressive loading. The woven-knitting composites have eight layer with woven fabric (W), rib (R) and milano (M) knitting fabrics as (W 2 /R 2 )S and (W 2 /M 2 )S. The woven-knitting composites were manufactured by hand lay-up method. The fibre volume fraction and thickness of manufactured woven-knitting composites were measured 65% in weight and 2.9mm, respectively. The experimental results showed that the tensile and compressive properties of woven-knitting glass/epoxy composites decrease from 0.005 s -1 to 0.00005s -1 . The tensile properties in all directions of plate with rib knitting were obtained higher than the plate with milano knitting. However, the highest compressive properties were obtained from plate with rib knitting in course direction.
INTRODUCTION
Fibre reinforced composite materials can provide excellent properties such as high stiffness and strength-to-weight ratios, fatigue and corrosion resistance, high damping capability and lower manufacturing costs when compared with conventional metallic materials. However, the composite materials are more susceptible to change in strain rate. The strain rate can be classified as low (from 10 -6 to 10 0 ), intermediate (from 10 0 to 10 2 ) and high strain rate (above 10 2 ). Typical servo-hydraulic machines can be used for obtaining low strain rate and the specialized servo-hydraulic machines can achieve intermediate strain rates. The high strain rate can be acquired by using drop towers or drop weight machines [1] .
The studies under low and intermediate cases are relatively easy compared to high strain rate studies; however, they take very large time, therefore, the low and intermediate studies appear very limited scale in the literature. Saniee et al. [2] have studied the strain rate effects on the tensile behaviour of glass/epoxy composites at low strain rates. The experiments were conducted at strain rates ranging from 0.0001 to 0.11s −1 with specimens having Full Paper different fibre orientations. The results in this paper showed that the longitudinal strength and stiffness were increased 24.7% and 4.2%, respectively. Shokrieh and Omidi [3] [4] [5] have carried an experimental study to determine the compressive, in-plane shear and uni-axial properties of GFRP composites at low and intermediate strain rates, ranging from 0.001 to 100s -1 . From the results of tests; they have deduced that the mechanical properties were quite sensitive to strain rate. The tensile strength, compressive strength, shear strength, tensile modulus and compressive modulus were increased with increasing the strain rate under quasi-static loading, however, the shear modulus was decreased under intermediate strain rates loading.
Some remarkable studies deals with the both low and high strain rate effects on behaviour of composite materials; Guden et al. [6] have investigated the compressive behaviour of S2-glass woven fabric/ vinylester composites in the in-plane and throughthickness directions. They have concluded that the modulus and failure strength increase with increasing strain rate in both directions. A higher strain rate sensitive modulus was found in the through thickness direction while a higher strain rate failure
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strength was found in the in-plane direction. Gu et al. [7] have studied the compressive properties of 3D E-glass/vinylester woven composites. The throughthickness compressive properties were examined at high strain rates from 800 to 2700s -1 by employing the Split Hopkinson Pressure Bar (SHPB) technique. They have concluded that the compressive stiffness and the maximum compressive stress of the 3D woven fabric composites linearly increase with the strain rate. They have also obtained that the samples were completely broken at high strain rates and emphasized that the only deformation was occurred in quasi-static compressive loading. Tasdemirci et al. [8] have investigated the compressive behaviour of E-glass woven fabric reinforced by using a Shimadzu testing machine and by SHPB apparatus. They pointed out that the modulus and failure strength were increased with increasing strain rate. They have observed higher strain rate sensitivity for both elastic modulus and failure strength in the inplane direction. Ochola et al. [9] have investigated the compressive strain rate sensitivity of both crossply CFRP and GFRP ranging from 10 -3 to 450s -1 . The compressive stress-strain curves showed that the strain to failure for both CFRP and GFRP decreases with increasing strain rate. Guden et al. [10] have investigated the compressive behaviour of plain-weave S2 glass/epoxy composites. They have determined that the compressive failure strength increases with increasing strain rate. Okoli and Smith [11] have investigated the effects of strain rate on the failure modes of unidirectional and woven glass/ epoxy composites. They have concluded that the failure mode in the laminates evaluated, changes from fibre brittle failure with fibre pull out at quasistatic strain rates, to brittle failure with considerable matrix damage preceding final fracture as the strain rates increases from intermediate to high.
Although, the high strain rate study is fairly difficult phenomenon, the large number of studies about only high strain rate effect on the mechanical behaviour composites was exhibited in the literature; Naik et al. [12] [13] [14] [15] have studied the tensile, compressive and shear behaviour of plain weave E-glass/epoxy and carbon/epoxy composites. Split Hopkinson Pressure Bar (SHPB) apparatus were used for experimental studies in the tensile strain rate of 140-400 s -1 [14] . Compressive properties were evaluated along all the three principal directions in the strain-rate range of 546-1503s −1 [13] and 680-2890 s −1 [15] . Torsional Split Hopkinson Bar (TSHB) apparatus was used for the studies in the shear strain rate range of 496-1000s -1 . Interlaminar shear strength and shear modulus were presented as a function of shear strain rate [12] . The results showed that the tensile strength, tensile modulus, compressive strength, compressive modulus, interlaminar shear strength and interlaminar shear modulus increase with increasing strain rate. Hosur et al. [16] have presented an experimental investigation to understand the response of stitched/unstitched glass/epoxy composites using a SHPB set-up. Results of the study showed that, under higher strain rates loading, the stitched laminates exhibited a confining effect. Ravikumar et al. [17] have presented an experimental and analytical study to determine the compressive behaviour of Eglass/epoxy laminated composites in the strain rate range of 472-1957s -1 . The results showed that the compressive strength is increased with increasing strain rate in the range of parameters considered. Fitoussi et al. [18] have studied the mechanical behaviour of SMC-R26 and woven carbon/epoxy composites by using a servo-hydraulic testing machine. It was established that the strain rate brings about a viscous nature of damage evolution leading hence to the notion of the visco-damaged behaviour. They also concluded that the interlaminar strength was increased due to the time dependent damaged behaviour of SMC-R26 and woven carbon/epoxy composite structures.
Although there has been sizable investigation about mechanical behaviour of composites under various strain rate, but in the literature almost no work has been done on the tensile and compressive behaviour of woven-knitting composites at low strain rate. This study points out that the both tensile and compressive behaviour of woven-knitting glass/epoxy composites at 0.005, 0.0005 and 0.00005s -1 strain rates. And, the effect of fabric direction on the mechanical properties of woven-knitting glass/epoxy composites under low strain rate was also discussed.
MATERIAL MANUFACTURING
The woven-knitting composites consist of glass fibre and epoxy resin. The epoxy consists of DTE1000 resin and DTS1105 hardener. The rate of hardener and resin was 60/40 in weight. The epoxy resin was provided from Duratek Company in Gebze, Turkey. Duratek is specialized in polymer chemistry and it has been designing, producing and marketing mainly epoxy, polyurethane and acrylic based products. Two different stacking sequences of woven-knitting glass/epoxy composites based on woven fabric (W), rib (R) and milano (M) knitting fabrics were used to investigate the tensile and compressive behaviour of woven-knitting glass/epoxy composites under low strain rate. The woven-knitting glass/epoxy composites have two woven fabric layers at top, four knitting fabric layers in middle and two woven fabric layers at bottom as (W 2 /R 2 )S and (W 2 /M 2 )S. The schematic and photographic illustration of woven fabric, milano and rib knitting fabrics were shown in Fig. 1 . The each of woven layers has 509gr/m 2 and they were provided from Metyx Composites Company in Istanbul, Turkey. The rib and milano knitting layers were knitted at a 7-gauge, V bed knitting machine by using 136 tex slight twisted E-glass yarn. The weight (g/m 2 ), course density (courses/ cm) and wale density (wales/cm) of the rib and milano knitting layers were given in author's previous study [19] .
The woven-knitting glass/epoxy composites with eight layers were manufactured by hand lay-up technique at Composite Manufacturing Laboratory in Usak University. A hot lamination press was used for production. The woven-knitting composites were retained at 8MPa constant pressure and 110C o during 2h. Then, it was cooled to room temperature under the same pressure to prevent warping of composites. The woven-knitting composites were cut by circular diamond saw for desired test dimensions. The nominal thickness and fibre volume fraction of woven-knitting glass/epoxy composites were measured as 2.9 mm and 65% in weight, respectively. In order to assigned tensile and compressive properties of woven-knitting glass/epoxy composites, five test specimens were used from each type of woven-knitting glass/epoxy composites under room temperature. The maximum stress, maximum strain and fracture energy values were determined by taking average values which were obtained from five test specimens.
DETERMINATION OF TENSILE AND COMPRESSIVE PROPERTIES
The woven-knitting glass/epoxy composites were stacked as (W 2 /R 2 )S and (W 2 /M 2 )S for determining the tensile and compressive properties of the laminates under low strain rate. The tensile and compressive tests were performed at strain rate of 0.005, 0.0005, and 0.00005s -1 using UTEST servohydraulic testing machine with capacity of 50kN in the Department of Mechanical Engineering of Usak University. The UTEST testing machine is equipped with software for controlling data acquisition. Therefore, the load-displacement curve can be obtained and stored by means of a computer. The tensile and compressive properties of woven-knitting composites in wale, in course and in 45° directions were determined under three different low strain rates for two stacking sequences. The wale, course and 45 o direction samples were prepared according to ASTM D3039-76 [20] [21] to obtain tensile properties of woven-knitting composites. The dimensions were of 12.7mm wide and 229mm long for wale samples. However, the dimensions for course and 45 o samples are of 25.4mm wide and 229mm long. An axial video extensometer was used to measure the stress versus strain under different low strain rates for obtaining tensile stress of woven-knitting glass/epoxy composites. The tensile samples were loaded up to failure loads. Then, the tensile stresses of woven-knitting composites in wale, in course and 45 o directions were calculated by dividing the failure load to cross-sectional area of each specimen.
The fibre in composite may buckle or may fail due to large bending stress, when it is compressively loaded. Hence, the compressive test is one of the difficult test types. The matrix failure and fibre/matrix debonding may be occurred during compressive loading [22] [23] . The compressive stresses of woven-knitting composites were determined by means of ASTM D3410-87 [24] . IITRI test method was used to determine compressive stresses (Fig.  2) . The conical grips are replaced with trapezoidal wedges in IITRI fixture. The lateral alignment pins of the fixture top and bottom halves are assured by a guidance system consisting of two parallel roller bushing [22] . The dimensions of compressive samples were of 140mm in length and 12.7mm in width for wale direction and they were of 140mm in length and 6.4mm in width for course direction. The gauge length of compressive samples was selected as 10mm for avoiding buckling. The double-sided tabs were used to protect the compressive specimens (Fig. 2) . After the compressive samples were mounted at UTEST machine, the load deflection curves of them were recorded. Then, the wale and course compressive stress were calculated by the 
RESULTS AND DISCUSSION
The tensile and compressive tests were performed using an UTEST universal servo-hydraulic machine at three cross-head velocity (0.3, 3 and 30 mm/min) for woven-knitting glass/epoxy composites. These velocities correspond to 0.00005, 0.0005 and 0.005s -1 in strain rate, respectively. Five samples were tested for each property of woven-knitting glass/epoxy composites at the same strain rate. The gauge lengths of tensile and compressive samples were selected as 100mm and 10mm, respectively.
During tensile tests, woven-knitting glass/epoxy composite specimens, which were pulled in wale, course and 45 o directions, damaged by separation of layers. These separations occurred between woven and knitting fabrics. At the end of separation, fibres of woven fabric were broken (Fig. 3) . Distinctively from test specimens of wale and course direction, cross-section area contraction was observed on the test specimen of 45 o direction (Fig. 4) .
The tensile stress-strain curves of two different woven-knitting glass/epoxy composites under three different low strain rates in the wale direction were presented in Fig. 5 . As shown from figure; the stressstrain behaviour of (W 2 /R 2 )S and (W 2 /M 2 )S were nearly same. However, added rib fabric layers to woven fabric layers (Fig. 5a ) were more affected than the milano fabric layers (Fig. 5b) for the stiffness of woven-knitting glass/epoxy composites. It can be also concluded that the stress-strain curve shows the strain rate dependency, i.e., the higher stress and strain were occurred with the higher strain rate.
The tensile stress-strain curves of woven-knitting glass/epoxy composites under three different low strain rates in the course direction were also presented in Fig. 6 for two stacking sequences. The tensile behaviour of woven-knitting glass/epoxy composites in the wale (Fig. 5a,b ) and in the course (Fig.  6a ,b) directions were nearly same. It can be deduced from these figures that the woven-knitting glass/epoxy composites have three parts as first linear part, second linear part and final failure part. In the first and second linear part; a few fibre may be deboned from matrix and also a portion of matrix may be fractured in both woven-knitting glass/epoxy composites, however, the catastrophic failure occurred in the last part. The modulus of first part was higher than the modulus of second part for (W 2 /R 2 )S and (W 2 /M 2 )S in both wale and course directions. In addition, the modulus of (W 2 /R 2 )S in the first and second part for wale and course direction was also higher than the modulus of (W 2 /M 2 )S (Figs. 5-6). Table 1 was given for better understanding of tensile behaviour of woven-knitting glass/epoxy composites for (W 2 /R 2 )s and (W 2 /M 2 )s sequences. The maximum tensile stress, maximum tensile strain and fracture energy in wale, course and 45 o directions increases with increasing strain rate for both sequences. In addition, the maximum tensile stress for (W 2 /R 2 )s in all directions is higher than the maximum tensile stress for (W 2 /M 2 )s. The maximum tensile stress 45 o direction was approx. 3.03 times lower than wale and 3.10 times lower than course direction for (W 2 /R 2 )s, and also it was 2.91 times lower than wale and 3.12 times lower than course direction for (W 2 /M 2 )s woven-knitting glass/epoxy composites. In addition, the maximum tensile strain in (W 2 /M 2 )s sequences was lower than in (W 2 /R 2 )s sequences for each strain rate. The fracture energy, i.e, area under stress-strain curve was also given in Table 1 . It was calculated by using a midpoint Riemann Summation Method [4] [5] . The fracture energy in (W 2 /R 2 )S woven-knitting glass/epoxy composites was higher than the fracture energy in (W 2 /M 2 )S for each strain rate. This situation emphasized that the woven fabric layers modi- Table 1 The tensile properties of woven-knitting glass/epoxy composites at different strain rates Table 2 The compressive properties of woven-knitting glass/epoxy composites at different strain rates.
TABLES
. Table 1 The tensile properties of woven-knitting glass/ epoxy composites at different strain rates fied by rib knitting fabric have higher mechanical properties than the modified with milano knitting fabric. In addition, the fracture energy in wale direction was lower than in course direction for both stacking sequences.
FIG.S
The tensile stress-strain curves of woven-knitting glass/epoxy composites under three different strain rates in 45 o fibre direction were presented in Fig. 7 . It can be clearly said that the tensile behaviour of woven-knitting glass/epoxy composites in 45 o was almost same with the general behaviour of woven glass/epoxy structures. The higher tensile stress in 45 o was obtained from (W 2 /R 2 )S woven-knitting glass/epoxy composites (Fig. 7a) . In addition, the tensile stress in 45 o increases with the increasing strain rate for both woven-knitting glass/epoxy composites.
The compressive stress-strain curves of woven-knitting glass/epoxy composites under various strain The compressive stress-strain curves of wovenknitting glass/epoxy composites under various strain rates in course direction for (a) (W 2 /R 2 )S and (b) (W 2 /M 2 )S rates were given in Fig. 8 and Fig. 9 for wale and course directions, respectively. It can be clearly said from figures that the compressive stress in the course direction for both stacking sequences was higher than in the wale direction. In addition, the stress in the course direction increases with increasing strain rate (Fig. 9) . However, in the wale direction, the stress was not regular changed with strain rate (Fig.  8) . The result of this situation was that the wovenknitting glass/epoxy composites based on configuration of woven fabric, rib and milano fabrics have irregular constitution after curing process.
For better understanding of compressive behaviour of woven-knitting glass/epoxy composites under various strain rate, the maximum stress, the maximum strain and the fracture energy for both stacking sequences as (W 2 /R 2 )S and (W 2 /M 2 )S were given in Table 2 . It can be easily said from table that the maximum compressive stresses and strains in wale and course directions increase with increasing strain rate for both stacking sequences. The fracture energy values resulted compressive loading for both woven-knitting glass/epoxy composites were also given in Table 2 . The fracture energy in course direction was higher than in wale direction for each strain rate. In addition, the fracture energy increases with increasing strain rate for both sequences. The fracture energy in wale direction was approx. three times lower than in course direction for (W 2 /R 2 )S sequences, and it was approx. two times lower than in wale for (W 2 /M 2 )S stacking sequences.
CONCLUSIONS
In this paper; the low strain rate effects on tensile and compressive behaviour of woven-knitting glass/epoxy composites based on woven fabric, rib and milano knitting fabrics were investigated in the wale, course and 45° directions. Two different stacking sequences as (W2/R2)S and (W2/M2)S were used to investigate the reinforcement effect of wovenknitting glass/epoxy composites under three different low strain rates. From the results, the following conclusions can be drawn:
• Added rib fabric layers to woven fabric layers were more affected than the milano fabric layers for the stiffness of woven-knitting composites.
• The maximum stress, maximum strain and fracture energy increase with increasing strain rate for all directions and for each loading conditions.
• The maximum tensile stress and strain for (W 2 / R 2 )S in all directions was higher than for (W 2 /M 2 )S.
• The maximum stress in course direction is lower than in wale direction for compressive loading.
• The fracture energy in (W 2 /R 2 )S woven-knitting glass/epoxy composites was higher than the fracture energy in (W 2 /M 2 )S for each strain rate. This situation emphasized that the woven fabric layers modified by rib knitting fabric has higher properties than the modified with milano knitting fabric.
• The fracture energy in wale direction was lower than in course direction for tensile and compressive loading. In addition, the fracture energy increases with increasing strain rate for both sequences.
• The higher tensile stress in 45 o was obtained from (W 2 /R 2 )S woven-knitting glass/epoxy composites.
